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TECHNICAL MEMORANDUM “NO. 690

TRANSUISSION. OF HEAT FROM A FLAT PLATE TO

A FLUID FLOWING AT A HIGH VELOCITY*

By Luigi Crocco
SUMMARY

~ The writer, starting with the consideration of the
hydrodynamic and thermodynamic eguations for the turbulent
boundary layer of a flat plate when it is necessary to take
into account the heat produced by friction, arrives at the

conclusion that the transmission of the heat follows the HY
t
i

same law that is valid when the frictional, neet is negllgl-
ble, provided the temnerature of the fluld ig considered

to be that which the fluid would reach if arrested adia- -7
batically. It is then shown how the same law holds good

- for faired bodies, and some applications of the law are

"made to the problems of flight at very high speeds,

The ordinary theory of heat transmission between a
flat plate and a flowing fluid completely ignores the ef-
'fect of the heat developed by friction on the temperature
. near the plate and on the coefficient of transmission. -In
" practice, the heat produced by friction may be disregard-
ed so long as the velocity is kept within normal limits.
" At very high speeds, however, toward which modern flig ' o
is tending, the effect of friction is so great as to ledd'
to entirely erroneous results even from the gualitative
viewpoint, unless this effect is taken into account.
Hence it is necessary to determine how the customary heat- .
transmission formulas can be adapted to this case. In the -
present article, which constitutes the essential part of
a paper recently presented to the R. Accademia dei Lincei
(reference 1), this result is accomplished in a remarkably
simple manner, as follows.

~ In our case the hydrodynamic equations for the bound-
ary layer are reduced to the following:

*"Sulla trasmissione del calore da una lamina piana a un
fluido scorrente ad alta velocita." IL'!'Aerotecnica, Febru-
ary, 1932, pp. 181-197,
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For 0, u =.V ?-0. Fdr vy=25 (thickness of boundary

1aver), un=71U (veloc1ty of undisturdbed flow) and

'a-:?=ay< Y>=

To this may be added the thermodynamic equation expressing
the heat balance for a volumetric element of the fluid, an
equation which, simplified by Pohlhausen (reference 2) for
the present case, joins the temperature field to the veloc-

ity field:
: ‘ . 2T oT cT -2
N q\/v\.—f VU\J-%- 1 Q_ ¥ — = = ( _ (____\ (2)
< : _ . )
wbmmt o ox oy aY Yep a-V/ | é’ﬁ*"P ay/ L
et Tae symbols nave the usual meanlng. Anyhow tne symbol for

TNy ‘

/ the specific heat is writtem e&,, —‘because the lnvestlga—

tion is of practical importance_bnly for gasedts fluldsi i - =

The effsct of the frictional  heat is included in- the.
last term, whose quadratic dependence on the velocity field
explains why it may be disregarded: so long as it does not
attain high values, Just for this reason, this 1nvest1ga— 2
tion will be confined to the case of the tnrbulent bound- -

| ary, 1aver,- ‘It-is poss1ble, however,'on the basis of Pohl—
B ( ﬁéufEﬁTEHresults, to affect the reguired solution and to
- ' calculate the transmission by a method similar to “the fol—
lowing, although more compllcated

N - o Tbe greater 31mp11c1ty for turbulent flow is due to

\»_¥/ﬁj-the ablllty 1n'thls case to write .
. : A } . Dturb - Lpee l_ a
0 ="¢cu N 1, Jweenat
/ - -turb' S -

while the analogous coefficient in laminar or parallel
flow d4iffers from unity, though consgtant for-.each flunid,
By utilizing this relation in equation: (2) and . adding it
to the first of equations (1) multlplled by ,u/g?cp,_ we
obtain. the follOW1ng equatlon , -
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u -a—:-(T b N (T -—«---) =
ex \ 2 E cP/ . . 28.E cp
_2f, . @ N
3y t‘lrb ay ( 2g E cp/|’

of a form perfectly analogous to the first df"eduations
(1) in u and therefore satisfied by putting

(3)

o e - _
T + é"m— au + const, -

o others .

This solutlon appears as a superposition of Rpmaeivivewrng.-,
The first, ’

T e nst
1k 2e E_cp.f ?ons i ,

is a particular solution of equatlon (2), characterized

by the fact that all the heat developed by £riction re~

‘g;ninln the boundary 1ayer. (Reference 3,) Simee it is

easily recognized by notlnv that the gradlent of T, to
which the flow of heat is proportional, % is - u du/ay
and is therefore zero for y = 0 and for y = 8. This
solution is therefore valid when the surface of the plate
is iumpermeable to heat {imsnlalid). :

The other solutlon. T, = a w.+- -const,, 18, instead,
a solution of the homogeneous equat1on corresponding to
cquatlon (2) and obtained from the latter by eliminating
the last term,- Hence it does not take account of the .
frictional hoat’ and represents the temperature figld due
to the flow of heat from the wall into an 146al fluid or,
approximatoly, into an actual filuid flswing-at &8 IoW ve-
locity., 1In such a case and for a turbulent flow, it ap-
pears that the two fields of temperature and velocity are
similar, as demonstrated by Prandtl and confirmed by ex-
periments.* Under these conditions the calculation of the
heat transmission from the wall is immediate,

Indicating by T,p and Tpg therespective values of

T, at “the wall and on the surface of the bourndary layer,

the -similitude can be expressed in. the following form

T, - To8 = (T2Pf“”T25) (1 - %} (4)

*See account of the 6iperimenté'of'Franz Ellas-in Abhand-
lungen aus denm Acrodyn. Inst, an der Tech. Hochschule
Aachen, No. 9,
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Now the quantlty of heat taked from a surface of unit
width and length 1, all being retained in the bouudary
layer, is represented by

Q ;jy Y. u cp_(Tz -~ Tz8) &y | (5)

By substlituting. the precedlng expression for Tp; - Tps,
we obtain o . o

s |
Q= (Tp - T2g) / chu(l—-‘—l-\dy;

so that the heat carrled df is easily calculated when a
logical distribution is assumed for wu. ..

Latzko (reference 4), by ut111z1ng the We11 1"novm law
1/7
=T y\ deduced by Earman from the empirical formmla.
of Bla31us for the re51stance of  tubes, found that

Q S 15 .
2 = 0,056 Y cp! U (7% (Top = Tag) -

Exoerlence has shown that, wzth increasing Reynolds
Numbers, the exponent of the law of velocity distribution
decreases and may raise doubts as to the validity ef
- Latzko's formula at high veloclities. - On thne contrary, one
is easily convinved when he reflects on the iﬁtimate con-
nection between the coefficient of heat transmission and
the coefficient of friction, and on the close approxima-
tionh With which the empirical foruula of Blasius, intorpo-
lates, for the coefficient of friction to which Latz“o‘s
fornula corresponds, tho experimental resulis oven to tho
highest Reynolds Manmbers, On the other hand, in a trocai-
ise now in preparation, which I expect to publish later
and in which I have sought to incorporate the latest theo-
riecs on turbulence, results are obtained which differ dut .
little from the formulas of Blasius and Latzko, although .
expressed .in a much moro complex form, This confirns the
approxinate validity of Latzko's formula even at high vo-
locitiess In any case it is knowa that the rosults do not
-differ °ubstant1ally, whatever nay be the coo’flc*ert of -
trmnsm1ss1on. : :

‘Wo now 'roturn $o the consideration of -a real fiuid - in
which -the frictional heat is no longer negligible and the
tenmperature field must be regarded as a superposition. of
the two prev1ously rentloned flelds.-
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On designating the wvalues of T, . at the wall and at

‘the outer surface of tne boundary layer by Tl. and 'Tls,
we obtain . N : : _ .,9, o
T RS = . -
1+2g E op - Tap _ T_15+2gEcp
and therefore Ldo* QW}I/ _
: . U®R - u? - T.\ T U@
T - . =" e & - = .
a3 i8 2 B cp' ip ’ ‘6 28 E Cp_

Horeover, the effective temperature'belng T = Tl +-Tz;'

- we must have Ty, + T2p = Ty at the wall and T,g§ + Tog =

“ To _outs1de ‘the boundary layer, if Tp is the temperature

"of the wall and T, :is that of the undisturbed fluid.

Fron these relatlons, on taking squation (4) into. account,

we obtalf "
L f ) . . 2
: _ : U .
TEP - 26 = TP To - (Tlp “.T15).—'Tp *.TO - Zg B CP’
T - Tg-= T L)>§;r+r T'g—U-aw:-‘li'-+
. o= Ty~ Ty 3. 20 T - -
,; SO ; n . Bg B CP-
by U2\ TRNK
. +(\Tp—méﬂ— ngcP/<1~U) .

The .last formula eonneetsfthe temperature field with the

velocity field, 1I% permits, fqgr each lawgﬁihe_distribu—
tion of. the latter, in_oréer—i%ideterm1na&ﬁ§e distribution

of the former. On denoting by 6 = T - T, ¥ the temperaturse

- excess above the outside temperature and noting that

f.= “——g"—— is the temperature 1ncrease resultlng fron. the

2 R
adlabatlc arrest of the fluid, we can erte

The effect of'the'friCtioﬁal heat appears in the term. T %

whose quadratic dependence on the velocity explains again
why it is permissible. to disregard it for low values, UWat-

=]

~ urally. the preceding expression containg, as partlcéular

cases, the two from which is deduced by superp051t10n, the
one for T = 9 the other for T = O.- -

This demonstratest rnoreover, the existence of a maxl-~

_l
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ST T peached
.mun value of. 9-'for —> (1 - ——) Whlch is canaﬁiﬁed in
the boundary layer and therefore exists in reality only
for - T « Bp < T, In the cases of practlcal importance

(for which 6. 1is pos1t1ve) the maximum decurs at a very
short distance from the wall, due to the rapid 1ncre%se
in the value of wu near the latter,

Coming to the most important question, that.of heat
transmission connected with the field now under investiga-
tion, it is known that the flow of heat from a temperature
field deduced from two others by superp031t10n niast, be-
cause of 'its linear dependencs on the field, c01nc1de with
- the sun of the flows correspondlng to "the fleld components.

In our case, since no heat transmission 'corresponds to the
Tirst-field, it will coincide with that due’to the second
fielao ’ . . !

Thus, ;if .Q -indicates. the'ef‘ect1Ve ‘heat taken from
the plate per time unit, it is given by Latzko's formula,
in which Tzﬁg—h135 is replaped by the value just found

9’-:: /8 _—._-g_z.—._
E oossewcpu(m) (89 ‘Bg_Ecp>'

It is possible to arrive at this formula directly, if, ir'
the heat balance from which Latzko's formula is dedv~ed
account is also taken of the heat of friction. In the
'present schens, according to which the plate is fixed and
~the fluid flows past it, this corresponds exactly to the
energy lost by the fluid_contalned in the boundary layer,
The total energy balance, expressing the fact that the heat
transnitted from without and that of friction must be found
entlrely in the,boundary layer, 1s_therefore written
' o) 02 - u? L. 8 _
+/ P Fmpr-dy = f EYep (T-To) dy.
: o

~If T - Ty 1is replaced by the previously found value, we
obtain - i o _ :
S a U2 - fé y

Q- (%o To .= 573 °p/ ep v (1 - ) y . .(8)

which coincides with the previbus formula;IWhen'thé'Karman
.velocity dlstrlbutlon 1s assumed and W and_Qgp, are kept
constant, : o '



E N.A;C.#;:Technical-Meﬁoran&um No., 690 - 7o
; In reality, 1f thé -assumed - constancy. for ¢ is. largely
3 justified, the case is otherwise for the density, whose va-

riation .dan be mno longer disregarded when the temperature
variations at different points in.the fluid are large, as
: is shown by the great tenperature difference between the
| plate and the £1uid "and by the. high veloclty. Putting Y

T
WO,TO._ or approvlmately

T T T = TN .
_..]_..- To + To' ) -~ aessey

i

i s

1
)
i
i
)
b

<l<
o .

under’ the integral and - substitutlng the value found for
T -~ To = @ and integrating in the case in which Karman's
law 15 assumed for the velocity, we obteln_a correction
’ . factor of . _ LT ' :
1 6p 8 T & Op? 4 T6p .18 T®

- .._;___.-]--—--—-— —— ™ sessay

f 5 To .55 Tg. 55 T~ 55 To® 715 To°

-+

a function of the temperature of the plate and of the ve-
locity, decreasging with the 1ncrease of both. It is obvi-
. ous therefore not only that the heat transmitted is not -
proportional to the temperature difference 0,, but also
that (as shown by the correction factor) it does not de-
" pend on it linearly, because of the diminution in the heat
T * capacity of the. fluld in the boundary layer w1th increass
of temperature.

The conflrmatlon of the exlstence of such a factor is
sought in experimentation, which, so far as I know has ’
not yet been developed izn this direction. The onlylexperi—
meatal 1nvest1gatlon of my theory, in which 1t was sought
to determine (though only as a secondary object) the de-
pendence of the transmission coefficient of the temperature
(reference 5), shows a behavior very similar te that defined

- by the correction factor now written, when, due to the in-
adequate experimental velocity, it is put at T =0, 1In
the further developments, however, -we shall disregard this
correction factor, whose application does not seem justi-
fied by the present’ uncertainty regardlng the practical
values of the coefficients of heat transmiss1on.

Retalnlng, therefore, TatzkoevE" simple formula, modi-
fied, as has been shown, by the substitution of- 6, ~ T
for 6., it is known, however, that -this result. is valid
for. any effective value of the coefficient of transmission,
ag shown by the sinple con51deration of equation :(6).
Horeover, it is permissible to assume that it is also val-
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1d for any form of the body con51dered eVen'differing
from the’ 1am1nar. - . o
In Qrder to prove thls assertlon, we start with the
cons1derat10n of the equatlons for the, boundary layer in
the more general case where the pressure varies along the
body, confining our researches to planar motion,. though -
the results can be extended to motion in three dimensions,
The hydrodynamic equations substituted for equations (1)
are

o = ow _ Lté 128 ¢ v
v 3= T dy p.dx,+ P oy (“_ay -
x (1t)
a(Pu) + (Pv) _ 0 o
P ﬁéihéia functlon of p and T, or,.iﬁ;the ﬁfssenﬁ caée,

of both the variables x and y.

The 11m1t1ng cond1t10ns are the same as’ for equatlons
(1), but it is nmoted that herse dx .is taken at every point
of the surface of the body according to the tangent to the
surface  in. tHe plane of motion, and dy. according to the
normal. : : '

As to the heat equation correspondlng to equation (2),
it ney be obtained by applying to an element 4V of the
fluid the first principle of thermodynamics, dQ = 4i -

Avdp, Tith respect to the element of volume and to the
"wunit of time, it may bde written

The heat, in Dart conductud into. tne element and in part
produced by friction 'in the eleme nt itself is glven, as
for equatlon (2), by ' :
. r_ .‘:.. . .
Oorx BN 4B o/2RN
! Cs5itE G

Y .av. -3 A7
oy

l"

'Moreover, e T T
aT 3T, &0 = u 4B, Ay = L

o=+ Vv =) = u =&, Av = ==

( ay> dt.. . ax’. . EY.

agd-tﬁé thé%médynamic'equation; divided by.-Y cp.d 7V,
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be;;mes. éi. l-d_ é ~fﬁ\5.-
N L u_‘ Jo 1 A T L a’l\ : p
e T TR meeecem e ap—— a7 e T ) )
PR e TRy T E Yy (W) e (ﬁw @0
miﬁﬁ ) | N

.a.‘_Il_ a- b QE £ =

3y By [cp ay] °r ¥= 6.

Fo&’the turbuTent boundary 1%yer, utlllzlng, as before,

—turd = 3 and comblning equation (2') with the first
€ Cp Mturd

of - equations (1‘) multlplled by E—Eégf the terms cqntaln—
) p . ‘

ing E; are eliminated anq-the same eguation<(4) is ob~
tained in the beflnnlng, apart from the presence of the
factor 1/P and the substitution of Mturb for vViurn in
the second member., The first of the solutions is then
' uz’ : : .
N = te
Ty + Zg T op const,,

which now includes the whole effect of the heat of friction.
n putting, as at first, T - ¥, = T,, the equation in

T,, identical with' the one obtained from eguation (2!'), -
by canceling the last term, is not.homogeneous, thus dif-
fering from the preceding case, It is easy, however, to
make it homogeneowus by noting that, outside. of the bouada
ry layer, the equation in T, ylelds

4 Tog v dp Lo w o l'dp 4 Tyg
U G = 7 - EE{.,and t;erefore 'E-E; v iz ““_'EE’f .

By substituting in the eguation in My .and noting that

. Tps is a function eof-&hro—wole- x, Wwe obtain the homlMoge-

ieous equation onty o
| a(Tal“'Tas) o(Ty - Tzé) _ 10 (T —_ng)
® ox Ty 3y - P 3y | Hturd ay -

of a form analogous to that in To- in the case of the flat
plate, butino longer satisfied by a law of distribution
-strictly similar to that of uhe veloclty, sihce cquation
(1') in w is no longer homogeneous nor analogous to the
preceding equatlog.' In prﬁctlcé it is also .customary to
assume for the veloc1ty a dlstrloutlon similar to that valid
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for the plate, In the same order of approximation, the

law of similitude could also be assumed to be valid, It is
.possible, however, to arrive at the same result without re-
“sorting ta this assuuption, In fact, due to the homogene~-
ity of the last equation -and the conStancy of Top - Tag.,

the solution of the last. sgquation may be put in the form

T —-T
=2 ""3'6'“': f(x,y,U).
Tap = T28

Zor the flatlniéte we have, as already seen, f(i,y U) =

1 - % " On utilizing this relation in equatlon (5), not1ng

that w = u(x,y,U), § = 8 (=, U _and puttlng
f Yoepu f(.v.x,U) dy = alx,U)
0 f .

(the coefficient of transmission“WhEn no account is taken
of the heat of friction), the heat removed from the body
tp to the point of the abscissa’ (curvlllnear) X is given

by
= G,(x,U)- (sz - 28)

walo gously with tne foreg01ng case, sSince Tlp - Tia =

e i i et

’ U5 belng the local veloclity outside of the

boﬁndary layer, we have
' PR
)

Tap - To§ = (T - Tip) ~ (Tg - Tyig) = TP - T5 T 2z D_cp

Siace, in the Aynotnes1s of adlabatlc transformatioans
Tg A =

. & ng B _cp ) 0 8 E cp |
. perature and veloclty of the undlsturbed current, we obtain
dofinitely '

v To and U indicating the tom-

N s a0 (6 - 1.

Q = a{x,U) G To 32 E op/

N

¢!

caseguéntly we may express the following law,

The transference of heat detween any object and a flu-
id flowing by it, when it is no longer possible'to-@isre—
gzrd the heat developed by friction, is-gbvernedfﬁy*theTﬂ
seme law that applied when it igs negligible, provided tho
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temperature to--which - the fluld As.brought by ‘adiabatie ar-
rest is: eonsldcred as iits:, temperature. -

»(E Thc result (althou#h 1t can be formulatod so 31mle)
has important conscquences. . In order to explain it briof-
ly,, 4t is convenient to.rgfer to the casc of - the flat

. ?1u£e Just considored, It is 1mned1ately obvious that the

twansnission of heat, Whlch ;18 zero at zoro v01001ty,'1s

also nulllfled ;orz'——~u—— ep. ThlS statement contains
.\.1 Bg E CP

nothin new . 'since, Ior ep =T, we return_to the kaown
5Case;o¢ a neat—proof wall. ) ' '

Fror the nu111f1cat10n of Q for two values of tne
Ve10c1ty is deduced the presence of an intermediate maxi-
o Whlchuls easily deflned by a simple derivation with

espect to U)and ep "assumed to be constant It is then
found that for. . . T —.— Gp and therefore for a ve1001ty

but 1little above half that for which @ 1is nulllfzed Q

‘asoumes the maximun value of

) Co.1/5 ) 2/5 S
Qo EAl 48 E cp\"’." 5 n/s
1700888 Yoy (3) (T 0) 5 &

Hence @ ='ii%— passes through a value that is iasupera-
P :

ble for every 6p assigned and that increases slowly with

Op- '

- Above the velocity which nullifies the tran mission, tais

becomes negative, i1.8.; the heat, instead of passing from
the plate to the fluid passes in the. opposite dlrectlon

and, as the velocity iucreases, the coefficient of trans-
igsion increases indefinitely in. the negative’ dlrectlon.

In order to 111ustrato moro ‘clearly the beHaV1or thus
defined, there are plotted in Figure 1, in terms of the -
velocity and in correspondence with ce“taln values of

" the curves for the quantities of heat carried of f by eacg

gquare neter of & plate one meter deep., In the calculation

'ft;ere are assumed for Y, c4, 1nd P the values relative %to

the air &t~ a'tempsrature of 20°¢ (682R.)... Since it .is
practlcally possible to asame that. for a thin wing . the be-
havior isg nearly the same as that of the.flat plate, the.
graph - vlves ‘an idea of the possivilities . ofa wing radia-

“tor at ‘zero altitude, A nean temperature of. the radiator
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of 80°C (176° )bein% assuned, the corresponding curve is
the one for 6, = " This shows immediately how the
cooling powor of a Water radlator passes through a naxi-
mun value at 200 n (656 ft,) per second and decreases be-
yond this wvelocity to become zero at the velocity of sound.
Above 350 m (1,148 ft.) per ‘'second the heat transmission
becomes negative, the coolzng power is converted into heat-
iu% power, and the radiator becomes harmful, In order to
increase its range ‘of apvllcabllluJ, it would appear pos-
sible to use some 11qu1d having a higher boiling point
thon water, as has already been done in practice, though
for other reasons. With etnvlene glzcol ("Prostone®), for
example, 6 could reach 120°C (248°F,) and tho cooling
poweor would remain up to 500 m \1 640 ft,) per scocond,
The convorsion: into heating power would still take nlace,
however, abovo & cortain velocity. The radiator ‘would
then bocone useless, even before tho cooling power is nul~
1ified, since, as tho lattoer approaches zero, the arca
quulslte for giving off a certaln guantity of neat would
increase toward 1n;1n1ty. :

lHatters would be still worse if the results of this
investigation were applied to hlgh—speed flight at high

altitudes (stratosphere) in what is termed "superaviation.®
(Reference 6,) In this case, for & given airplane and a
given take-off speed, there would be, for every different
flight speed, an economic altitude at which the efficiency
would be tae greatests In the heat-transmission formuls ;
it would be necessary to tako into account both the varV1ngz:
air den31ty and the temporature dvop at the difforent al-~"
tltudcs and consoquently at uJb dlxlerent soonds.

- This was_dohe for tne two cases, radiator with water
and with othylene glycol, in theo casc (developod and cal-
culated in tho articles reforred 'to) when the oconomic
speced at zero altitado is 80 m (262 ft,) por sccond, The
results are nlotted in Flgure 2e 'WV1deAt1y the portions
of the curve running from O to 80 m (262 ft,) por second
coinecide with the corrospondlng curves of Figurce l, Be~
yond these speeds the airplane gains altitude and both the
air density and temperature begin to decrease with oppo-
site effects on the trans 1ssion.01 heat, Thile the lower
density is unfavorable, the lower temperature of the air
(assumlng the tomporature of the radiator to remain the
gsame) facilitates the transfer of heat, ospecially in thoe
case of the water radiator for waich thc relative ‘increase
of ep is much moreg wroadunced than -for the other, Henco,
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{ while tho cooling powor decroases for the lattor and the
¢ .. altitudo -shows. hardly any. 1ﬁcroase, tho decroeaso in don-

: sity provalllng over. the inercaso Ln_”e"; for the formor
it continues to increase, unt;l, as the stratosphere is ap-
proached and. tho tomporaturo bradlent docroases, the dim-—
'1nut10n of the d0n51ty ba.ins the advantage. :

In both casos the maxlmum cooling powor is roachod
bolow 100 m (528 ft.) per soccond, above which it falls
rapidly, so that, as it is. nullified for tho same valuos
‘ of the. spced as at zoro. altitude, tho fiold suitable for
, tho use of the radiator is greatly restricted in both

cases,

Y : ThlS fact 1s still ‘more clearly shown by the cvrve
§/Q. .described below the first curves in Figure 2 and in-
j - verted with respect to theme It is. .known that the area

| reguired to transmit a given’ quantlty of leat 1ncreasns_
ropidly after tho miinimum is reached at 100 m/s 8o ‘that,
at the velocity of sound, an area eqial to four times the
minimum is required in both cases, .

, It should be noted that any increase 1n the radiating
] surface beyond the total arsa of the wings adnd fuselage of
' ‘the airplane would, in any case, he detrimental for the
BlilclohCJ,.D" incroasging tho drag Whlch is already s0
plonouncod at high speods,

Lastly, it is well to call attontion to another gues-
tion which, without being so vital as the cooling of tho
engine, nerits some consideration, namely, that of the very
high temperature excess on the.surface and inside tlhie cabin
3 (¢. A, Crocco, loc, cit.). Evidently, if the wall were
heatproof, and counsequently ep =1, 1its temporature would
excecd the outside value of T~ and would’ reagh values of
seveéral hundred degrees, Due to the poor conduc+1vity of
the wall, the temperature in the cabin would not be very
soriously affected, but the mechanical resistance of the
; matorial of which tho wall is composod would bo diminished.

==

e s L s S

If, however, as is actually the case, the hocat can
 pass through the wall and hence be transmitted by . the
] bound a¥y Yayer, -the frormula-found fox the transmission
/ . makes 1t possible to determine for any velocity the tem-
perature excess &, of the wall in terms of the heat
i “transmitted through it, Coaversely, if it is desircd that
‘ the temperature of the wall should not exce2d a certain
value, the quantity of hoat to be carried off can be de-~-
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termined from-the ﬁemperaturetezcebs~ : -
e . .

Thls was-done in ﬂlgvre 3 in- the case of . superav1a+1on
when the bond between’altitude and velocity was the same
as that used- onortlv be;ore. Tere-it is also assumed
that the behavior 'of a' streamline boéy is similar to- tnat
of the plate which, for example, is assumed to have
length of onc meter,.: -For any .other lengtn of 1 motors 1%
is nocossary to divide tnc vwlves of Q/S by 10'3

The nore logical and convenlent solutlon is to cover
tuc outside of the reosisting motal wall with an insulat-
ing and rcefractory wall, internally cooled, for oxample,
by liguid air., In this case there might bo a groat ton-
perature excess: “of . the outer rofr'a.ctorv wall, while the.
'snull amount of heat tralsr;ttcd would be . abs orbed by the
coollng nedlum,vw1thout the metal wall or the interior of
the cabin belng detrlmen*&llv affacted by the great tem~
perature eéxcess, e consunptlon of the cooling liquid
would 'be very small.-

This problenm could be solved without very groat dif-
fieulty as compared with the preceding problem of the ra-
diator for which the high veldcities scemed %0 present an
insuperable obstacle., Tiis confiras the assertion (G, A. .
Crocco, loc,. cit.) that, at least ‘as regards cooling sys-—
temg differing from those now in use, the solution of the
provlen of extreme velocities (sonic and supersonic), to-
ward which the trend now is, cannot be found by way of the
explosion eng 11e. :

Translation by Dwight M, Miner,
¥ational Advisory - uommittee
for Aoronautlcs.
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